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INTRODUCTION
The Upper Cretaceous Chalk varies regionally and stratigraphically from a soft friable sediment to a hard fine-grained chalky limestone. Jukes-Browne and Hill (1903, 1904) in their synthesis of the Upper Cretaceous rocks of Britain were perhaps the first to differentiate between early diagenetic cementation responsible for hardgrounds and nodular chalks and the cementation responsible for the regional differences in hardness. Hill (in Jukes-Browne and Hill 1903, 1904) provided data showing the weight percent acid insoluble residues from biostratigraphical equivalent zones in southern and eastern England that effectively compares soft with regionally hardened chalks. These values show no systematic difference suggesting that the hardening was no more than the internal rearrangement of the calcite and the acid insoluble residue.
Differences in the regional hardness of the Chalk in the British Isles have been commented upon for well over a century and in more recent years have been the topic of scientific investigation (Hu et al. 2012 for review) . Particular attention has been paid to the Chalk of Northern Ireland (Wolfe 1968; Scholle 1968; Maliva and Dickson 1997) , the Chalk affected by post-Cretaceous east-west folding in England (Mimram 1975 (Mimram , 1977 (Mimram , 1978 , and the Chalk hydrocarbon reservoirs of the North Sea Basin (e.g. Scholle 1968; Oakman and Partington 1998) . The understanding of the mechanism and conditions under which the regional hardening took place is an important aspect of predicting its properties, particularly when the Chalk is involved with major engineering projects or for the extraction of water, oil and gas trapped within reservoirs.
Recent progress in understanding the early lithification and cementation of the Chalk in eastern and southern England Jeans et al. 2012) has provided a firmer basis from which the regional hardening can be considered. This investigation is an attempt to resolve the origin of the hard chalk of eastern England Hu et al. (2012, Text-fig. 5) most part of the Cenomanian Ferriby Formation and continues through the overlying White Chalk of Turonian to Campanian age. The distribution of this hardened chalk coincides generally with that of the Northern Chalk Province in eastern England which is also associated with, or characterized by, various intrinsic features including particular fossil assemblages, pink and red chalks, and tabular and carious flints. Previous investigations have presented rather contradictory evidence for the origin of the hardening. Mimram (1978) suggested that the hardening was due to the precipitation of a cement from porewaters of meteoric origin introduced at a relatively early stage of diagenesis prior to the Chalk being affected by tectonism; Scholle (1974) suggested a cement resulting from the precipitation from a mixture of the original chalk pore water with meteoric water combined with the effects of enhanced geothermal gradients. The objective of our investigation has been to clarify the nature of the hardening of the Chalk and its relationship to the intrinsic diagenesis of the Chalk of the Northern Province. The approach we have taken is novel -although Jeans (1980, pp. 89-99) used similar methods in a preliminary investigation -and is based on modelling using the soft, unhardened chalk in south-east England as a starting point. This side-steps the intrin- 421 Text- fig. 2 . Distribution of the Upper Cretaceous Chalk at the surface and subsurface in the UK showing the locations mentioned in the text and in Hu et al. (2014) .
PETROLOGY OF UPPER CRETACEOUS CHALK OF EASTERN ENGLAND
The insert shows the county names (East Yorkshire: Lincolnshire: Norfolk) referred to in the text sic problems resulting from the extremely fine-grain of the Chalk, the nature of its alteration during diagenesis, and the limitation of electron microscopy, however, our approach may introduce its own problems and these are fully discussed. This paper is based on the detailed analysis of two units of hard chalk of Late Cenomanian and Turonian age that occur throughout Lincolnshire and Yorkshire. Lithostratigraphically they represent the first major occurrence of regionally hardened chalk in eastern England. For each of these units of hard chalk we describe (1) the general lithology, (2) the bulk specific gravity, and (3) the regional trace element (Fe, Mn, Mg, Sr) and stable isotope (δ 13 C, δ 18 O) geochemistry of the bulk calcite. Comparison with the unhardened chalk at Dover in south-east England has allowed us to deduce that the hardening is related to calcite cementation and to model the regional patterns of variation in trace elements and stable isotopes of the cement. Comparison of these model patterns with regional geological features − patterns of faulting, zones of sulphidization, subsurface distribution of igneous bodies in eastern England and the nearshore parts of the North Sea − provides additional evidence of the factors controlling the Chalk hardening.
Locations mentioned are shown in Text- fig. 2 .
SAMPLE STRATIGRAPHY
The stratigraphical terms used are shown in Text-figs 3 and 4. Text- fig. 3 shows the horizontal section of the chalk that has been investigated in the Ferriby and Welton formations in eastern England and its relationship to the zones of sulphidization that cross-cut these formations. A number of these lithostratigraphic terms need further explanation. In eastern England, the term Variegated Beds (Wood and Mortimore 1995; Wood et al. 1997 ) is preferred to the Plenus Marls/Black Band. This thin unit of marls and marly clays rests on the subPlenus erosion surface but it is only in part the regional development of the Plenus Marls Member of the Holywell Nodular Chalk Formation of southern England (see discussion in Mortimore et al. 2001) . More-over, as their name implies, the Variegated Beds display lateral and vertical variations in colour between red, grey, green, white and black and include one or more well defined black bands (Jeans et al. 1991, fig. 10 ; Wood et al. 1997 ) that are absent from the Plenus Marls. The Louth Member (6-8 m thick in eastern England, 16 m thick at Dover) is a laterally continuous unit of white fine-grained chalk which can be traced from Speeton on the Yorkshire coast and throughout much of southern England. It lies between the base of the Variegated Beds/Plenus Marls and the underlying Nettleton Chalk Member (Jeans 1980 ) of eastern England and its lateral continuation in southern England, Jukes-Browne Bed 7. It is of late Middle to Late Cenomanian age. The Louth Member of eastern England (6-8 m thick) consists of hardened chalk whereas at Dover it is represented by 16 m of soft chalk. The present stratigraphical scheme used by the British Geological Survey (reviewed in Mortimore et al. 2001) does not recognise this unit either in southern England, where it occurs at the top of the Zigzag Formation (Middle to Upper Cenomanian) (Text- fig. 4 ), or in eastern England where it is within the Ferriby Formation (Lower to Upper Cenomanian). This unit has been recognised in Jeans (1968, fig. 4 ) and has been referred to as the Louth Member in eastern England (Jeans 1980, fig. 3) and at Dover (Jeans et al. 1991, fig. 2 ).
The Red Chalk Formation (Text- fig. 3 ) is used in preference to the Hunstanton Limestone Formation. This formation is included within, but must be differentiated from the lowest zone of red coloured chalk shown in . This lowest zone consists of red, pink and ochreous coloured chalk. Included in this is the basal dark red stromatolitic part of the Cenomanian section at Hunstanton (Jeans 1980, fig. 12 ), as well as the thin zone of very pale pink and ochreous chalk in the lower half of the Paradoxica Bed ( Jeans et al. 2012, text-figs 2, 7; Jeans et al. 2014, fig. 8 ).
The section investigated (Text-figs 3, 5) extends from some 3 to 4 m below the top of the Ferriby Formation up to some 5 m above the base of the overlying Welton Formation. It is divided into two by the laterally continuous marly Variegated Beds. The lower unit, Unit A, consists of normal hard chalk that shows no obvious field evidence of early lithification as defined by Jeans (1980) . Its base marks the appearance of hard chalk as a continuous facies whereas in the underlying part of the Ferriby Formation occasional beds of this chalk type may occur but are interbedded with chalk and marl showing evidence of early lithification. In south Lincolnshire (Tetford, South Thoresby), where the Upper Pink Band is preserved (Text- fig. 3 ), the base of Unit A is at or just below the base of this coloured band. The top of Unit A is the sub-Plenus erosion surface, which defines both the base of the Variegated Beds and the Welton Formation. The upper unit, Unit B, includes the upper part of the Flixton Member of Jeans (1980) , the Melbourn Rock Member of Jeans et al. (1991, fig. 12 ) and some of the overlying chalk (Text- fig. 4 ). The base of this unit occurs within the upper part of the marly Variegated Beds and is placed at the level at which the calcium carbonate content reaches 80% and over. The upper limit is the band of occasional flint nodules just below the First Main Flint Horizon of Wood and Smith (1978, fig. 2 ). Unit B contains a number of thin primary marls, 1 to 4 cm thick (Text- fig. 5 ). The most important of these is the Green Trace Bed with green glauconitic traces, which is recognisable throughout eastern England. Three thin marl seams overlie this and extend throughout Lincolnshire and southern Yorkshire.
Samples were collected from the following eight localities in eastern England that expose all or part of this stratigraphical section: Unit A exposed at Prentice Cove, Buckton Cliffs, Speeton (Jeans 1973, p. 425 (Jeans et al. 1991, fig. 2 for sample horizons) where the chalk is soft, of low bulk specific gravity and has been essentially unaffected by regional hardening; these samples have been used to establish the Standard Louth Chalk which has been used for modelling the extent and chemistry of the cement affecting the Chalk .
SAMPLE LITHOLOGY
The regional and stratigraphical distribution of samples in Units A and B is shown in Text- fig. 5 . The Louth Member − the upper part forms Unit A − and its uncemented correlative at Dover (Text-figs 4, 6) consist of fine-grained chalk made up predominantly of coccolith debris with varying amounts of calcispheres and planktonic foraminifera. No systematic vertical or lateral variation in lithofacies has been noted in eastern England. Petrological investigation of Unit A has been restricted to the section at Speeton (Text- fig.7 ). More general views of the Louth Member in the Buckton Cliffs, Speeton, are given in Mortimore et al. (2001, fig. 5.24, p. 415) where it is located between the Nettleton Chalk Member and the Variegated Beds. Typical lithofacies are shown in . Unit B, in contrast, displays a considerable vertical variation in lithofacies. This has been examined petrologically at Tetford, Elsham and Flixton. Typical lithologies are shown in Text- fig. 9 ; three lithofacies zones are recognised. The lowest extends from the top of the Variegated Beds up to the base of the "chalk rich in inoceramid fragments"; this consists of a fine-grained coccolith-rich matrix with occasional planktonic foraminifera, calcisphere and inoceramid bivalve prisms (Text- fig. 9A ). The middle zone has little fine-grained matrix. It is made up predominantly of broken fragments and single prisms of inoceramid bivalves and calcispheres, fragments of other shelly fossils and occasional foraminifera (Text- fig. 9 C, D) . The lower part of this zone is characterised by large inoceramid bivalve shell fragments that are conspicuous in the field and is the band of "chalk rich in inoceramid fragments" shown in . The upper part becomes increasingly enriched in calcispheres (Text- fig. 9B ) and at about a metre from the top of Unit B it grades into the upper zone. This consists of a fine-grained coccolith-rich chalk with fairly abundant calcispheres and planktonic foraminifera (Text- fig. 9A ). Lateral changes in lithology are evident between Flixton in the north and the more southerly locations. At Flixton the chalk is thinly bedded, occurring typically in beds 10 to 15 cm thick each separated by a thin seam of marl (Jeans et al. 1991, fig. 10 ), compared to the more massive chalk to the south which occurs in beds typically 25 cm or more in thickness.
ANALYTICAL METHODS
The geochemistry, bulk specific gravity (SG) and acid insoluble residues (AIR) of chalk samples were determined by the following methods. Bulk specific gravity measurements used the procedure described by Jeans (1980, p. 155; this is similar to BS 1377 this is similar to BS , 1975 using wax coated blocks of chalk (dried at 105 o C) weighed in air and then in water. Samples for chemical analysis were initially crushed, split and then ground finely by hand. The percentage weight of acid insoluble residue was determined by dissolving 1g of oven-dried material (105ºC) in exactly 25 ml standard volumetric 1 molar HCl. The excess acid was titrated against standard volumetric 1 molar NaOH using Bromocreosol Green as indicator. From this the weight percent CaCO 3 was calculated and the AIR was obtained by difference. Prior to titration it is essential that the AIR be removed by filtration through Whatman No. 42 filter paper. Chemical analysis was restricted to chalks with a content of CaCO 3 of 80 wt % and over. A total of 120 samples were analysed. The concentrations of trace elements (Fe, Mn, Mg, Sr) in the bulk calcite were determined with a Perkin-Elmer Absorption Spectrophotometer (model 2280) or by colorimetry (Jeans 1980, p. 156 for Fe) . Correction was made for the content of acid insoluble residue. Samples were prepared by dissolving 0.25 gm of oven dried sample in excess cold 1 molar acetic acid, filtered through Whatman No. 42 filter paper, and made up to precisely 50 ml with distilled water. (Tables 3, 4) for Units A and B using the precise positions in the horizontal section of the Chalk from which the samples came (Text- fig. 5 ). The orientation of the contour and the intervals between them were chosen to express best the vertical and lateral variations in values without regard to preconceived assumptions such as, for example, they might be expected to parallel the general direction of bedding or to reflect the arrangement of chalk lithofacies. The robustness of the regional patterns of contours is variable. It is strongest in the southern and central regions where the distance between sampling locations averages about 10 km. It is the weakest in the 30 km and 60 km gaps between, respectively, southern Lincolnshire and central and northern Lincolnshire and northern Lincolnshire and East Yorkshire (Flixton/Speeton). Sample intervals ) were chosen to investigate general trends as well as lithological variations; they varied from about a metre at the maximum to less than 10 cm.
CEMENT MODELLING
The basis of our modelling is that the upper part of the Louth Member at Dover is (1) of the same stratigraphic age (Calycoceras guerangeri ammonite Zone), (2) essentially unhardened and has been little affected by calcite cementation or pressure dissolution, and (3) it represents the upper part of the Louth Member in eastern England in its primary lithofacies, chemical composition and degree of compaction prior to its hardening. There are some conspicuous differences between eastern England and southern England but these are of post-depositional origin and not of primary lithofacies. In eastern England there are thin marl seams of post-depositional origin that may be parallel to the general direction of bedding or at a considerable angle to it. For example, in the sea cliffs at Speeton such secondary marl seams are well developed and in any one location divide the sequence into a number of beds (Text- fig. 7 ). Laterally individual marl seams can be traced for only tens or a few hundreds of metres before they die out and thus the pattern of beds is always changing along the cliff section. Their lithological investigation (Jeans 1980, pp. 89−96) and their patterns of stable isotopes (Jeans et al. 2012, table 4; Hu et al. 2014, but pyrite is widespread. These differences have little effect on the modelling as we are only concerned with the geochemistry of the calcite fraction and these processes have played at the most a minor role in affecting the geochemistry of the bulk calcite.
The following questions are important in the investigation of the process of hardening and the associated increase in bulk specific gravity of the chalk. Has it been caused by pressure dissolution in (1) an essentially closed system where the dissolved bioclastic calcite is reprecipitated in the adjacent pore space, or (2) by pressure dissolution in an open system where the dissolved CaCO 3 is lost in the escaping pore waters and the hardening is the result of a more intimate interlocking of the grains and possibly grain crushing? Or has it been caused by the precipitation of calcite cements perhaps similar to those associated with early lithification ?
Two terms used in the modelling need clarification. Pore-space loss (PSL) refers to the loss of pore space that is calculated from the difference in bulk specific gravity (SG) between the Standard Louth Chalk and the actual sample of hard chalk. Model cement is the term used when the pore-space loss is the result of the precipitation of a calcite cement. The percentage by volume of any pore-space loss or model cement and its geochemistry (referred to as cement modelling in this paper) in the hard chalk of Units A and B has been calculated by assuming that prior to hardening the chalk had similar values of bulk specific gravity, CaCO 3 content, trace elements and stable isotopes to the Standard Louth Chalk, which is based on the average of eight samples ( fig. 7 . The Louth Member of the Ferriby Formation exposed at Prentice Cove, Buckton Cliffs, Speeton, Yorkshire. This shows the position of samples investigated in this study, in Jeans et al. (2012, table 6 ) and in Hu et al. (2014, Table 2 even a model calcite cement with no Sr is insufficient to do this; in these circumstances, in order to achieve the actual value, it is necessary to reduce further the average value by subtracting Sr from the system thus giving the model cement a negative value to bring the modelling back into line with the actual values. The actual negative value will depend upon both the amount of calcite cement and the actual Sr value of the hard chalk sample under consideration. The significance of negative model values are three fold: either (1) the Standard Louth Chalk is not similar in its chemistry and porosity to the chalk that gave rise to the negative values, or (2) there has been a selected loss of Sr from one or more of the components of the sediment and its removal from the sediment system during diagenesis, or (3) a combination of (1) and (2). Consideration of these patterns of negative values has provided an additional and important insight into the factors that may control the hardening of the Chalk and affect the chemistry of any cement involved.
RESULTS
The bulk specific gravities, trace element and stable isotope composition in the bulk calcite of the chalk samples and their model cement is shown in Tables 3  and 4 
Regional trends in eastern England
The regional patterns in the concentration of trace elements and stable isotopes in the bulk chalk calcite are shown in Text fig. 12A ), where there is broad correlation between the bedding direction and the variations in concentration. The regional trends in average values are discussed below.
Unit A: Bulk specific gravities (Table 3) at Welton, South Thoresby, Tetford and Elsham range from 2.11 to 2.17, whereas at Caistor, South Ferriby and Speeton they are higher, ranging from 2.21 to 2.24. The Fe content of the bulk calcite (Table 3 (Table 4 ; Text- fig. 15A ) display no particular regional trend, whereas carbon isotope values (Table 4 : Text- fig. 16A ) show a south to north trend of increasingly higher values from 2.85‰ at Welton to ~ 3.30‰ in the north.
Geochemical patterns in model cement
The regional patterns displayed by the trace element and stable isotope values for the model cement (Tables 3, 4) 
Unit B:
Model Mn values range from 260 to 1580 ppm, there is a unique negative value (-73 ppm) from sample LR343 (Green Trace Bed, Elsham). The contoured pattern of variation is subparallel to the stratigraphy although locally it cuts across it; for example, at Elsham relatively low Mn values in the lower part of the sequence result in cross-cutting contours. The section between the top of the Variegated Beds and the base of the Green Trace Bed displays an overall N-S decrease in values from 1016-1579 ppm at Flixton to 589-1191 at Tetford, South Thoresby and Welton. Each section displays an up-sequence decrease of Mn values. The pattern at Flixton is somewhat different because the uppermost part of the sequence displays distinct oscillations between higher (>600 ppm) and lower values (<600 ppm). O values range from -2.92‰ to -21.74‰. The overall pattern of variation can be considered to consist of two components, one parallel or subparallel to the primary marl seams, the other is at a high angle to the general bedding. Particularly pronounced are the isotopically light values and lateral variation in the chalk between the top of the Variegated Beds and the base of the Green Trace Bed. At Flixton, these range from -12 to -22‰. They display increasingly less negative values to the south, -9 to -10‰ at South Ferriby, Elsham and Caistor, and -8 to -9‰ at Tetford, South Thoresby and Welton. The more massive chalks overlying the Green Trace Bed display a different regional pattern. At Flixton values range from -3.3‰ to -5.7‰; these become lower when traced southwards, at South Ferriby values range from -6.7 to -8.4‰, at Caistor, Tetford and Welton values generally range from -5.4 to -7.8‰ with a single sample at Tetford having a value of -2.92‰ . Values at Elsham are relatively high, ranging from -3.6‰ to -4.3‰. The more complicated patterns of model trace element and stable isotope values in Unit B shows the same fundamental differences when compared to the actual values of the hard chalk. This suggests that the pore-space loss is again due to a cement with isotope values that indicate its precipitation over a range of temperatures and at stages of diagenesis comparable to those described by Hu et al. (2012) . The explanation of the negative values of the model trace elements in Unit B is dealt with later.
Mg Pattern (Text-fig. 13B)

Unit A
The convoluted pattern of contours displayed by the trace element and stable isotope values (Text-figs 11B to 16B ) of the model cement show little or no relationship to the regional bedding as defined by the base of the Variegated Beds. This suggests that the precipitation of cement took place from pore fluids that were circulating within Unit A in the uppermost part of the Louth Member as has been suggested by Hu et al. (2012, text-fig. 26 ). fig.  17 ) -a similar antipathetic relationship is present in Unit B where it is more extensive with better development, and its interpretation will be dealt with later.
Model trace elements:
A direct indication of the trace element geochemistry and the sequence of cements responsible for the hardening is provided by the description by Hu et al. (2012) of the calcite filling the vug within the body cavity of Terebratulid T11 from Unit A at Speeton (Text-fig 18) . Three growth zones are recognised, the earliest (zone A; only observed but not analysed) is very thin and irregularly developed, consisting of minute non-luminescing crystals probably of a Mg-rich calcite that line the interior of the shell. The later zones, B and C, are characterised by a chaotic and complex pattern of trace elements that suggest is the influence of continually changing pore fluids of different compositions. The Fe and Mn contents of the later part of Zone C are enhanced and may represent the last phase of the cement that caused the hardening of the chalk in Units A and B. We are suggesting that this is related to the local mobilisation by sulphidization of Fe and Mn occurring as fine-grained oxides responsible for the colouring of the Upper Pink Band in the chalk. Such calcite cementation under anoxic condition is associated with negative δ 13 C values ) but available stable isotope data are insufficient to establish whether this is present in brachiopod T11.
Model stable isotopes: The δ 18
O values (-4.0‰ to -10.2‰) of the model cement are always negative and are comparable to the values (-4.7‰ to -11.6‰) reported by Hu et al. (2012) in the cement inside brachiopods from eastern England. These authors argued that the range of values reflected increased temperature (30 to 75ºC) during cementation within marine pore fluid with little or no influence from meteoric water. The regional north to south trend (-10‰ to -4‰) in model values may be related to decreasing average temperature of cement precipitation from 70 to 33/34ºC. The δ 13 C values of the model cement are always positive as is typical of suboxic cementation although they display a wider range of values (up to 6.9‰) compared to those found by Hu et al. (2012: up to 3.6%). There is a regional north to south decrease in average δ 13 C value that could be related to a greater contribution from anoxic cementation associated with regional facies variation. This has not been recognised in the field although there are nests of contours associated with low δ 13 C values (down to 0.6%) at Elsham and Tetford that could be related to patches of localised anoxic cementation. The model stable isotope values are comparable in their general range to those reported by Hu et al. (2012) from the cement-filled cavities inside brachiopods from Speeton and Hunstanton. An indication of the changing isotopic values of the cement responsible for the hardening is provided by Terebratulid T11 from Unit A at Speeton 
PETROLOGY OF UPPER CRETACEOUS CHALK OF EASTERN ENGLAND
Model Trace elements:
The trace element composition of the model cement in Unit B and its relationship to that of the Standard Louth Chalk is different from that exhibited by Unit A. Negative values are associated particularly with Sr, to a lesser extent with Mg, and occasionally with Fe and Mn.
Negative model Sr values occur in three parts of Unit B (Text-fig. 14B ). The main one is extensively developed in the south and can be traced northwards to South Ferriby: the other two are more local, one includes the basal chalk at South Ferriby and is shown as confluent with the zone of negative values at Elsham be-tween the Green Trace Bed and the base of the "chalk rich in inoceramid fragments". At Caistor there is a single sample with a negative model value. The main anomaly is best developed at Tetford where it occurs throughout the Unit in all three chalk lithofacies − the fine-grained coccolith rich chalk in the lower part, the chalk rich in inoceramid bivalve shell fragments, and in the calcisphere-rich fine grained chalk above, as well as in the flinty chalk at the top. When traced southwards to South Thoresby and Welton the base of the anomaly rises to the level of the Green Trace Bed but still within the fine-grained coccolith-rich chalk. Northwards at Elsham the anomaly is of more limited stratigraphic extent. At Elsham, and possibly at Caistor, it starts within the chalk with abundant inoceramid bivalve shell fragments and at Elsham its upper limit is within the calcisphere-rich fine-grained chalk some 75 cm below the base of the flinty chalk at the top. At South Ferriby, 10 km to the north of Elsham, this negative anomaly is represented by a single sample in the calcisphere-rich fine-grained chalk between the top of the "chalk rich in inoceramid fragments" and the base of the flinty chalk above. The stratigraphical and lateral distribution of the negative Sr anomalies demonstrates that they are not related to the original chalk lithofacies as now preserved. Much, but not all of the main negative anomaly, is developed in inoceramid-rich and calcisphere-rich chalks. Important for the interpretation of the negative model Sr anomalies is the question of whether the low Sr content of the hard chalk reflects an original compositional difference of the sediment or is the result of diagenetic processes. This can be tested with data of the chemical composition of the calcite in the bioclastic components of the soft chalk in southern England (Jeans et al. 1991) where it is known that the fine-grained coccolith fractions have enhanced Sr (calcite) contents compared to the coarser fractions of the Chalk. Also coccolith material (<2 μm fraction) from particular samples from the Upper Cenomanian Plenus Marls at Dover have relatively enhanced Sr (calcite) contents (~550 to 1100 ppm) but lower Mg (calcite) contents (750 to 2700 ppm) compared to the coarser particle size fractions. The same relationship, but with lower values, is seen in a chalk sample from the Coniacian or Lower Santonian of Shudy Camp in Cambridgeshire. Here the coccolith material is concentrated in the 4.47 to 0.83 μm fractions and its Sr (calcite) content, ranging from 453 to 675 ppm (average 569 ppm), is generally higher than the values from the coarser fractions. The sparse abundance of coccolith material in the coarser grained chalk rich in inoceramid remains and calcispheres may be a tempting explanation of the negative Sr values, however the calcite of inoceramid bivalves and calcispheres have relatively high Sr values that are usually in excess of the Standard Louth Member value (Jeans et al. 1991) . Seventeen samples of inoceramid bivalve shell fragments and prisms from various beds in the Upper Cenomanian Plenus Marls of Dover have average Sr (calcite) values of 818 ppm Sr (range 261-1577 ppm, with two values below 550 ppm, the value for the Standard Louth Chalk). There is a general antipathetic correlation between the negative Sr anomalies and enhanced values of Mg in the model cement (Text-fig. 19 ). Considering (1) the abundance of inoceramid bivalve shell fragments and prisms and their expected high values of Mg in their calcite, judging from the 17 samples from Dover mentioned above which average 6075 ppm (range 3569-9133 ppm) and (2) the somewhat lower values for Mg for the calcisphere-enriched fractions from the same locality (2300−3200 ppm) and Shudy Camp (1829 and 1865 ppm), it might be expected that the actual Mg values associated with these lithofacies would be higher than their typical values of 1500-1900 ppm (Table 4 ). This suggests that both Sr and Mg may have been preferentially lost during diagenesis in a linked process. Comparison of the inoceramid bivalve shell fragments and prisms from the Plenus Marls of Dover (Jeans et al. 1991, fig. 4d ), assumed to be unaltered or very little altered, with those in Text- fig. 9C from Elsham shows a general difference. The calcite of those from Dover is full of inclusions, whereas those from Elsham range from being clear crystals to containing some inclusions suggesting complete or partial recrystallization. There is also petrographic evidence that recrystallization may have also affected calcispheres and shell fragments. We suggest that the original biogenic calcite on recrystallization excluded or greatly reduced the amount of Sr (ionic radius 1.27Å) and Mg (ionic radius 0.78Å) in the recrystallized calcite because of their mismatch with Ca (ionic radius 1.06Å) within the calcite lattice. Our interpretation of this negative Sr anomaly as a post-depositional effect, essentially unrelated to the original lithofacies, is given further support because a low Sr but still positive anomaly occurs also in the underlying Unit A between Caistor and Welton (Text- fig. 17 ) but in a different chalk lithofacies.
Another contributing factor to the development of the negative Sr anomalies must have been the dissolution of aragonite shells during early diagenesis. Aragonite with its appreciable contents of Sr, when compared to calcite, is an important source of this trace element in early calcite cements in the Chalk (Hu et al. 2012, textfig. 27 ). In those parts of the chalk reservoir that were tight the Sr would have been retained in the pore fluids, to be incorporated either into carbonate cements or other Sr-containing authigenic minerals. If, however the reservoir was leaking during early diagenesis as we have suggested for Units A and B in southern Lincolnshire, the Sr-enriched pore fluids would be lost. Although aragonite is not preserved in either Units A or B there can be no doubt that it was present as the calcitic portions of inoceramid bivalves are preserved. These bivalves originally consisted of both calcite and aragonite and only the individual calcite prisms or fragments of shell consisting of these prisms are preserved. In Unit A they are a minor or occasional component but in Unit B these prisms and shell fragments are particularly abundant in the chalk above the Green Trace Bed (Text- fig. 5 ). In addition to inoceramid bivalves, there were likely to have been the remains of many other invertebrates with skeletons consisting solely or partially of aragonite, such as ammonites, gastropods and bivalves.
Negative O values and the thickest section of the underlying Variegated Beds. A possible clue to this relationship may be the direct correlation between the volume of the clay mineral assemblage and bed thickness − the greater the thickness the greater the amount of the clay assemblage. The Variegated Beds are dominated by the Chalk smectite-mica clay assemblage (Jeans 1968; Wood et al. 1997) . The smectite component is considered by Weir and Catt (1965) to be a dioctahedral smectite containing Mg as an interlayer cation as well as occupying sites in the octahedral layer. There is considerable discussion about the origin of the smectite ; is it detrital or has it been neoformed within the chalk sediment during diagenesis, possibly as the result of the argillization of volcanic ash? A possible explanation of the lateral pattern of Mg in the model cement of this lowest subunit of Unit B is that the neoformation of the Mg-containing Chalk smectite in the Variegated Beds depleted not only its own porewaters in Mg but also that of the overlying chalk subunit; the extent of this depletion being controlled by the amount of smectite being formed and this is reflected in the thickness of the beds.
Negative model Fe values are restricted to a single sample at Tetford and to four zones at Flixton (Text- fig.  11B ). At Tetford it is associated with the highest δ As this chalk subunit is followed southwards values become increasingly high, reaching -9 to -8‰ in south Lincolnshire. There is independent evidence of a maximum temperature of ~110ºC based on spore colouration index values (averaging 4) affecting the immediately underlying Variegated Beds at Flixton (Cornford in Jeans et al. 1991; Cornford 1998, fig. 11.17.(3) ). If this represents the average temperature (~95ºC) of calcite cement precipitation in the immediately overlying chalk at Flixton, the model cement δ O values of the model cement represents a decrease to about 50ºC in south Lincolnshire. Depth of burial curves (Hu et al. 2012, text-figs 24, 25) fig. 12 ). In spite of these differences the overall diagenetic history of units A and B is similar. Each underwent a main period of cementation under conditions of considerable overpressure, maintaining an abnormally high porosity and permeability, thus allowing the relatively free circulation of the pore fluids from which calcite cements were precipitated. The average δ 13 C values of the cement were positive and precipitation took place on average under suboxic conditions (suboxic type of Hu et al. 2012) . The overall style of cementation is in contrast to that which characterizes the lower and main part of the Ferriby Formation with its localised centres of cementation and diagenetically earlier lithification. However the trace element pattern in the cement in Terebratulid T11 from Unit A at Speeton (Text- fig. 18 ) is comparable to that of other brachiopods (T5, T7−10) from the lower part of the Ferriby Formation at Speeton investigated by Hu et al. (2012) that were involved in early lithification prior to the loss of overpressure, and these also display similar chaotic trace element patterns.
The absence of conspicuous evidence of early lithification in Units A and B reflects their more off-shore depositional sites and differences in the bioclastic composition of the sediment entering the diagenetic environment. For example, the chalk of Unit A is a distal facies representing relatively rapid deposition with a very restricted benthic fossil assemblage. The rarity of fossils with shells consisting wholly or partially of aragonite suggests this early and important source of CaCO 3 for cement was limiting. Cement precipitation did take place: it occurred generally throughout the sediment but was insufficient to form lithified compaction-resistant structures that would be emphasised by subaerial weathering. Such lithified structures would be capable of brittle fracture during the overpressure phase of diagenesis as evident in the Breccia-Nodule Bed in the Red Chalk Formation at Speeton (Jeans 1973, p. 429) .
The phase of overpressured diagenesis in eastern England was brought to an end at the same time in both units by regional tectonic activity which allowed the overpressured pore fluids to escape either to regions of lower pressure or to the surface. At least partially responsible for this was the reactivation of a number of basement structures that are deduced to, or can be seen to, affect the Chalk (Text-figs 3, 21) . The most prominent is the Flamborough Fault Zone (the reactivation of the Jurassic Howardian Fault Belt; ) that is responsible for the E-W Contortion Zone in the Chalk with its complex folding, faulting and jointing which is exposed in the cliffs at Flamborough. The WSW-ENE Caistor Fault is responsible for localised folding in north Lincolnshire. Associated with the Wash and north Norfolk is a postulated WNW-ESE tectonic line (the Wash Line of Jeans 1980) that affected the Chalk of south Lincolnshire which may represent the northern margin of the buried granite mass in the basement underlying Norfolk (Text-fig. 21: Pharaoh et al. 1996) . There is evidence that the initial reactivation of these three basement structures was already under way during the overpressured phase of diagenesis. Activity on the Flamborough Fault Zone may be responsible for the introduction of the postulated hot, calcite-precipitating solution into the basal subunit of Unit B that affected this horizon as far as south Lincolnshire. Less certain is the possible association between the complex zone of δ Caistor Fault somewhat further to the south or to its extension to the north-west. The loss of pore solutions rich in Sr and Mg in southern Lincolnshire during early diagenesis in both Units A and B is probably related to pore pressure leakage along the WNW-ESE 'Wash Line' to the south.
The next phase in the diagenesis of Units A and B is intimately related to the increase in grain pressure associated with the loss of overpressure in the pore fluids and the influence of the three reactivated basement structures. This was associated regionally with grain welding, pressure dissolution of the calcite grains and the general precipitation of a calcite cement. It resulted in lithification and the associated development of brittle fracture, pressure dissolution marl seams, stylolites, and wisps. Figure 6b in Jeans (1980) illustrates the intimate relationship between pressure dissolution and the development of stylolites, marl seams, and brittle fracture in the Louth Member (Unit A) of the Ferriby Formation at South Thoresby. Directly linked to the Flamborough Fault Zone and the Caistor Fault, and less certainly to the WNW-ESE 'Wash Line', are zones of sulphidization that cut across the stratigraphy of the Red Chalk and Ferriby formations (Text- fig. 3 ). These are responsible for the loss of the Lower and Upper Pink Bands over much of Lincolnshire and Yorkshire as well as the red colour of the Red Chalk Formation at Caistor, Grimston and locally at Speeton (Text- fig. 3 ). Unpublished sulphur isotope studies on the pyrite nodules and the chalk from these discoloured chalks leave little doubt that this alteration was under the control of sulphate-reducing bacteria acting on allochthonous pore fluids rich in sulphate and hydrocarbons (Jeans, Turchyn, Hu and Mortimore in preparation) . It is postulated that the solutions, ascending along these fault lines, were forced out of the North Sea Basin by increased lithostatic pressure possibly during a single or a number of tensional phases of tectonic activity. The timing of this is not clear. Starmer (1995 Starmer ( , 2008 Starmer ( , 2013 has identified four tectonic phases (D1−D4) in the Chalk affected by the Flamborough Fault Zone. D1 (Laramide -late Maastrichtian to early Palaeocene) and D3 (Alpine -Oligocene) were compressional and involved in folding and thrusting, whereas D2 (postLaramide -late Palaeocene and Eocene) and D4 (postAlpine -Miocene to Pliocene) are tensional phases involved with normal faulting and jointing. Obviously a tensional regime is a more likely scenario for these ascending sulphate-and hydrocarbon-rich fluids, but at present there is no field evidence to make a specific case for one phase or the other. It is clear at Speeton that these solutions made use of joints to ascend the succession, diffusing out laterally into the more permeable beds (Text- fig. 22 ). Some of this movement could have been earlier during the Late Cretaceous but cannot be demonstrated onshore because of the loss of the Campanian-Maastrichtian and Tertiary sediments. Offshore, along the Dowsing-South Hewett Fault Zone, which links in to the Flamborough Fault Belt, there is evidence from seismic sections for Santonian−Campanian and Maastrichtian tectonic events leading to local unconformities on tectonic structures (fault-driven uplift: Badley et al.1989) . It is quite possible that the ending of the first phase of overpressured diagenesis could have been pulsed, varying in its timing and regional effects over eastern England. . The Ferriby Formation at Red Cliff, Speeton showing the Belchford Member overlain by the Stenigot Member. The lower part of the Belchford is bluishgreyish white as a result of sulphidization and contains pyrite and marcasite crystals. Three narrow zones of sulphidization extend upwards on either side of inclined fractures that cross-cut the reddish brown coloured chalk of the upper part of the Belchford Member. These disappear into the marbled pink and white nodular chalk of the overlying Stenigot Member. Scale, ice axe, 86 cm
The second phase of cementation in Units A and B is not just a simple redistribution and re-precipitation of the chalk and its earlier cement (dissolved by pressure dissolution) to form the hard chalk as we know it today. The calcite dissolved was not reprecipitated in the immediate environment as would be expected with pressure solution (Jeans 1980, pp. 94-97) . It was released into an open system affected by the developing pattern of brittle fractures as lithification occurred. Some of the CaCO 3 migrated elsewhere to be precipitated as vein and vug filling calcite (Text- fig. 23 ), whereas some was precipitated in the surrounding chalk incorporating enhanced amounts of Fe and Mn that had been mobilised locally by the microbial reduction of the fine-grained red and ochreous pigments responsible for the coloured horizons in the Red Chalk and Ferriby formations. This is reflected by the particular low values of Fe and Mn in the model cement of Unit A at Tetford and South Thoresby in south Lincolnshire where its pink colour (Upper Pink Band) is preserved. There is little direct evidence of the geochemistry of this second phase of cement. In those parts of Units A and B affected by sulphidization the cement is likely to be enriched in Fe and Mn; it would also be expected to have negative δ 13 C values as evidence suggests it developed under anoxic conditions through the action of sulphate-reducing bacteria (cf. anoxic cement series of Hu et al. 2012) . The final stages of the cement sequence recorded in Zone C from Terebratulid T11 (Text- fig. 18 ) collected from the sulphidized Unit A at Speeton does display an enrichment in Fe and Mn but the analysis of the bulk calcite from this zone gives a positive δ 13 C value of 3.52 ‰ that does not indicate precipitation under anoxic conditions. It is possible that more detailed analysis of Zone C with higher spatial resolution using laser ablation or ionmicroprobe isotope analysis might reveal that the final Fe and Mn enrichment in the cement took place under anoxic conditions. Driving the circulation of pore fluids in Units A and B must have been effected by variations in compaction, pore fluid pressure, tectonic activity and temperature.
The pattern of δ
18 O values of the model cement provides indication of the variation in temperature as long as it is accepted that calcite precipitation took place in marine pore waters as is evident from the calcite cement preserved in Terebratulid T11 from Unit A and other brachiopods from stratigraphically lower levels in the Ferriby Formation at Speeton ) -although there is no direct evidence for Unit B. In both units enhanced temperatures are recorded in the northern part of the region. Unit A has a regional decrease in temperature from an average of 70ºC in the north to 33-34ºC in the south. Unit B displays two patterns. Initially a cooler and variable pattern of temperature (35 to 50ºC) was established with a zone of greatest variability centred on Elsham. Later, but still during the first and overpressured phase of cementation, hot calcite-precipitating solutions were injected between the base of Unit B and the Green Trace Bed; at Flixton the temperature of cement precipitation was 95ºC and the effects of this can be recognised in the same subunit in south Lincolnshire where the temperature had dropped to ~50ºC. There is no clear relationship to the granites (Pharaoh et al. 1996) postulated to underlie the Market Weighton Block and north Norfolk (Text- fig. 21 ), and these lateral changes are best related to variations in heat flow and hydrothermal activity associated with various phases of tectonic activity in the North Sea Basin. C values has revealed details of a surprisingly complicated history, very different from the simple idea that pressure solution or pressure dissolution and reprecipitation, with or without the introduction of meteoric water, were the causes of the change from soft to regionally hardened chalk as a result of burial and temperature increases (Wolfe 1968; Scholle 1974; Neugebauer 1973 Neugebauer , 1974 Maliva and Dickson 1997) or tectonic activity (Mimram 1975 (Mimram , 1977 (Mimram , 1978 .
We suggest that overpressuring, with the Variegated Beds acting as a seal between these adjacent units, played an important role in allowing pore fluids to circulate independently of each other on a regional and local scale. It has already been suggested that the Variegated Beds, rich in smectitic clay, was responsible for the trapping of compaction-driven pore waters and the development of overpressure in the top part (Unit A) of the Ferriby Formation (Hu et al. 2012, text-fig. 26 ). Responsible for the development or enhancement of overpressures in Unit B would have been the restrictions on the upward movement of compaction-driven pore waters by the finegrained chalk of low permeability and the numerous thin and laterally extensive primary marl bands and flint horizons in the overlying Chalk described by Wood and Smith (1978) and Whitham (1991) .
Evidence suggests that our conclusions based upon the two units (A, B) may not apply to the main mass of hard white chalk that overlies them. Units A and B represent sedimentation at the end of a period of deposition (Cenomanian to Mid Turonian) in which early lithification -nodular chalks and hardgrounds -and shallow water facies are widespread. In contrast the overlying Chalk (Mid Turonian to Campanian) displays little or no evidence of early lithification or shallow water facies.
Modelling of the geochemistry of the cement in Units A and B and the geochemistry of the calcite crystals developed within the body cavities of brachiopods ) from the underlying chalk of Cenomanian age indicates that cementation is microbially influenced and the source of the calcite cement lies with the aragonite shell material present in the sediment. So the absence of early lithification in the younger chalks does not reflect the absence of the different microbial groups that played a role in calcite precipitation, but the lack or shortage of aragonite shell material in the more off-shore and deeper water chalk sediment. Studies on the main mass of hard chalk in eastern England are restricted to Scholle's (1974) and Mimram's (1978) investigations of the Chalk around Flamborough in Yorkshire. Their contrasted observations on the extent of sediment compaction and the crushing of microfossils suggest that they sampled chalks of rather different diagenetic histories. Scholle's samples exhibited considerable compaction but he states that it is less extensive than that he observed in the Irish Chalk where Wolfe (1968) had measured 15−31% compaction based on fossil crushing. In contrast, Mimran's samples showed no evidence of compaction. In addition to these differences in compaction, there are differences in porosity. The uncompacted samples have porosities between 17 and 8 vol. % (Mimram 1978) , which suggest bulk specific gravities between 2.24 and 2.48, whereas the compacted chalks have higher porosities (17−20 vol. %; Scholle 1974) with bulk specific gravities of 2.16 to 2.24. This suggests that the uncrushed chalks have undergone lithification by calcite cementation prior to potential fossil crushing, whereas the crushed chalks experienced compaction prior to lithification and cementation. The general absence of early lithification in the Mid Turonian to Campanian Chalk of eastern England suggests that originally this was soft and uncemented similar to the soft chalks of south-east England. Supporting evidence of this includes: (1) the Yorkshire Chalk in the area of Enthorpe and Kiplingcotes is soft and unhardened with bulk specific gravities (based on 5 samples from the Enthorpe railway cutting) ranging from 1.58 to 1.66, averaging 1.64, no different from the average value for the uncemented Standard Louth Chalk at Dover, and (2) soft and uncemented chalks are known in boreholes put down to investigate the foundations for off-shore wind farms only 10−15 km off Flamborough Head (Mortimore and James 2014) . A likely explanation of the local soft Yorkshire Chalk is that it was originally highly overpressured − as suggested for the chalk of Units A and B -but the grain pressure was sufficiently low that pressure dissolution of the calcite grains did not take place. Subsequent loss of overpressure and the associated enhancement of grain pressure may have taken place at a shallow burial depth, considerably less than the 1000 m which Neugebauer (1973 Neugebauer ( , 1974 has calculated as the minimum depth of burial for a low-Mg calcite sediment − such as the chalk − to be affected slightly by pressure solution and cementation (0.5−5%).
The spatial arrangement, shape and dimensions of the bodies of compacted and uncompacted chalks reported by Scholle (1974) and Mimram (1978) is unknown, they could parallel the general direction of bed-ding or be independent of it, perhaps associated with cross-cutting structures. A hypothetical scenario envisages two adjacent bodies of overpressured, unlithified and uncemented chalk. In one body there is a gradual and localised leakage of pore fluids. Developing in the immediate environment of the leakage are enhanced grain pressures, fossil compaction and pressure dissolution of the calcite grains. Part of these pore solutions, enriched in calcium carbonate, is lost to lower pressure regions outside the chalk body, whereas some migrates in the opposite direction along a gradient in pore fluid pressure related to a minor loss of pore pressure in the adjacent chalk body. Along this more extended pathway there is sufficient time for the calcium carbonate to be precipitated out as calcite cement. Such a situation could develop in overpressured, uncemented chalks that were being affected by tectonic movement. It is clear that a careful investigation of the distribution of compacted and uncompacted chalks in the Mid Turonian to Campanian chalks of east England and their relationship to the tectonic framework as well as the postulated granitic intrusion underlying the Market Weighton Block (Text- fig. 21 ) is needed before their geological history can be resolved.
Considerable progress in understanding the regional and geological significance of the variations in the Chalk's hardness is likely to come from studies in the North Sea. The surveying of certain sites for off-shore wind farms has demonstrated that where the Chalk is cut by faults on structural highs it is much harder and more dense than the soft chalks of the equivalent horizons in the off-structural regions (Mortimore and James 2014) . Features developed in these hard chalks are the result of the deformation of primary marl seams and burrow textures by compaction and bedding slip (Text- fig. 24 ) and the development of stylolites, secondary marl seams and brittle fracture by pressure dissolution and calcite cementation (Text-fig. 25 ). This overall setting is similar to that we have described onshore in Units A and B, where it has been interpreted as the effects of the great increase in grain pressure when the seal on an overpressured reservoir fails. However, pending a detailed investigation of the hardening, the presence or absence of a microbially influenced phase of calcite cementation cannot be assumed.
The approach we have taken by comparing the geochemistry of equivalent hard and soft chalks and then attempting to differentiate by modelling whether (1) an additional cement has been added, or (2) the cement is no more than the pressure solution effects on the original sediment in a closed system, or (3) the hardening is not related to cementation but to the complex interlocking of the original calcitic bioclastic grains affected by pressure dissolution in an open system where the dissolved CaCO 3 is lost. When this is combined with the analysis of the large calcite cement crystals that may have grown inside fossil echinoid tests or within brachiopods or bivalves, it will open up a new chapter in the understanding of the regional hardening of the Chalk as well as other limestones that are generally too finegrained for satisfactory microscopic investigation of their diagenesis and geochemistry.
